The small annular combustor of a micro gas turbine fueled with methane is investigated experimentally and numerically in order to improve the overall efficiency of the small engine. The CFD analysis of the tiny combustor relies on a low Reynolds number turbulence model coupled to the Eddy Dissipation Concept (EDC) and provides important insight about the turbulent flow pattern, flame shape, position and optimal flame anchoring. For the experimental observation, a model combustor, representing 120 degrees of the original annular combustor, is fabricated, which enables us to visualize internal flow. The burning area in the combustion chamber moves to downstream with increase of air flow rate. At full-load, some fuel remains at the combustion chamber exit. Moreover, temperatures are measured and compared with the numerical simulations. The results shown here will form the basis for future optimization of the micro gas turbine with minimal or no increase in combustor pressure loss.
Introduction
Hybrid power generation systems are an emerging technology in distributed generation of power and heat. They are being developed to improve performance and the overall fuel utilization efficiency by combining two or more power generation sources. The combination of a Solid Oxide Fuel Cell (SOFC) and a Micro Gas Turbine (MGT) is such a hybrid system. It is still at the research and development stage but has a large potential in that it can theoretically provide electrical conversion efficiencies of 60 to 70%. The MGT part of the system typically ranges from 1 to 100 kW of power and has many advantages: it has high power density, simple structure, and can be adaptable to various fuels such as kerosene, LPG, natural gases, and reformed gases. On the other hand, due to the small volume of the combustor, peculiar difficulties arise regarding the combustion chamber of the MGT and affect its performance (1) - (2) : • Increased heat loss to the combustor walls due to the high surface to volume ratio.
• Reduced Reynolds number and, consequently, reduced turbulent mixing of fuel and oxidant.
• Incomplete fuel consumption due to the limited residence time in the combustor (especially in the case of liquid fuels). Possible approaches to increase the MGT efficiency usually include: obtaining uniform temperature profile at the combustor exit plane, i.e. temperature pattern factor close to or lower than unity, high turbine inlet temperature (TIT), stable upstream anchoring of the flame relatively far from the combustor walls to ensure complete fuel consumption and high combustion efficiency (actual heat produced by combustion divided by the total heat potential of the fuel consumed), while reducing the thermal stress on the solid surfaces. Obviously, all of the above improvements should be achieved with minimal or no increase in combustor pressure loss.
The hybrid metal-ceramic structure of a MGT is tested experimentally at AIST (3)- (4) . However ignition and completeness of combustion is not so good. CFD-modelling of the baseline engine combustor (Sophia J850 shown in table 1) represents a useful tool to develop and improve its present design in order to improve the overall efficiency of the small engine. In the present work CFD is used, in conjunction with detailed experimental measurements that provide validation of the numerical models, to select the optimal combustor design in respect to temperature pattern factor, thermal heat loss, combustion efficiency and pressure loss.
Experimental Observation

Sector Combustor and measurements techniques
The annular design of the baseline engine makes experimental measurements inside the combustor difficult because the annular casing and combustion chamber have no convenient access holes for sampling instrumentation or for optical access. Therefore, a model combustor, representing 120 degrees of the original annular combustor, was built and used for the experimental investigation (shown in table 2). The combustion chamber consists of the combustor liners cut by electric-discharge machining, the bearing housing with the fuel injector, the outer casing of the combustor and two silica windows. This model combustor corresponds to the burning area of three fuel jets from the original fuel injector. Therefore the burning phenomena of the central fuel jet are expected to represent the burning phenomena in the original combustor including the mutual interference of the fuel jets. As shown in Fig. 1 , this model combustor is set in the pressure vessel with two optical windows.
The original fuel injector was designed for Sophia jet fuel consisting of 70% kerosene and 30% gasoline. However as a first step, we select methane as fuel for numerical simulation. Equivalence ratio Φ of 0.48 corresponds to 1473 K of the turbine inlet temperature which is the target of AIST MGT. The gas fuel injector has 20 holes although the original liquid fuel injector has only 10 holes. Therefore 6 holes of gas fuel injector are opened and the other 14 holes are covered with silicon rubber. The maximum air flow rate is about 14L/s (Normal). The velocity of air flow at atmospheric pressure is as almost same as that of air flow at full-load condition with pressure ratio of 2.7. The pressure of the pressure vessel is kept to atmospheric pressure. The air is supplied through the holes of 3 sides of combustion liner as shown in Fig. 1 (b) . Three Inconel tubes are set as pressure probes to measure stagnation pressure at each air inlet. As shown in Fig. 1 (c) , thermocouples are inserted to 22±2mm from the outer liner at 6 positions. There are tubes with 12mm of length at A1, B1 and C1. 
Air flow and combustion in the model combustor
The air flows into the combustion chamber through several rows of holes positioned in the front (dome region), top (outer liner) and bottom (inner liner) side of the combustor. It is difficult to measure each air flow rate through each hole because the combustor is very complicated and small. Therefore stagnation pressures at 3 represent positions were measured instead of measurement of air flow rate. Only the overall air flow is known a priori and direct stagnation pressure measurements are conducted in order to establish the relative ratio of air flows between the front, top and bottom side of the combustor under the different engine operating conditions. Figure 2 shows the stagnation pressures measured as gauge pressure. At the unburnt condition the stagnation pressure at the front side is smallest. The air flow from front side is estimated smaller than that from bottom. At burning condition stagnation pressures are higher than those at unburnt condition. and the half of the outer liner near front side is heated and glows. As air flow increasing, the outer liner glows widely. At near full-load condition, flame holder cannot hold flame well. Fuel cannot burn completely in the combustion chamber and blue flames come out from the combustion chamber and the glowing area of the outer liner decreases.
Temperature measurements in the combustion chamber are conducted in order both to achieve better knowledge about flame shape, position and stability and to build the experimental evidence needed for the CFD model validation. As shown in Fig. 4 , the temperature measurements show that burning area moves with increase of air flow rate. 
CFD Model
The general-purpose CFD code SPIDER is used to model the turbulent reactive flow in the combustion chamber. SPIDER, developed at the Norwegian University of Science and Technology and SINTEF Energy Research is a finite-volume (elliptic) code employing curvilinear non-orthogonal coordinates (5) - (7) , a standard k-e model and the EDC turbulent combustion model (8) .
Reactive flows confined to length scales relevant to MGT are outside the realm of validity of the most common flow and combustion models implemented in CFD codes. In this specific work, a three-dimensional structured grid is employed; the physical domain represented by the grid corresponds to the 120 degrees section of the combustor used in the experimental setup (see Fig. 5 ). The downstream region of the exit plane is not calculated since the main interest of the present work is completeness and stability of combustion. The turbulent reacting flow is modelled by the Favre-averaged (i.e., mass-weighted Reynolds-averaged) conservation equations for momentum components, energy, and mass fractions of all involved species. Turbulence is modelled using the k-e model modified by Launder and Sharma for near-wall low Reynolds number flows (9) . The turbulent Prandtl and Schmidt numbers in the energy equation and in the mass balance equations are set to 0.7. The chemical kinetics for lean (equivalence ratio Φ=0.48) methane combustion in air is modelled within the EDC framework using a single, global reaction step (CH 4 +2O 2 =CO 2 +2H 2 O) and assuming infinitely fast reaction rate (mixed is burned).
Radiation from the flame to the surrounding fluid and walls is taken into account using the discrete ordinate method. The problem of pollutant formation (NOx) is not modelled at this stage of the engine development but can be included at a later stage by running more time consuming detailed chemistry calculations. The boundary conditions in the CFD model are set as follows: at all air/fuel inlets the fluid velocity is specified while in the circumferential direction a cyclic boundary is imposed to ensure axis symmetry of the system (120 degrees are considered to allow representation of all measurement locations in the numerical model), the fluid outlet boundary is considered as a constant pressure outlet whose value is set to the combustor reference pressure of 1 atmosphere, the combustor liner walls are isothermal at 400K, the air tubes protruding into the combustor are also isothermal at 600K, combustion and cooling air flows into the combustion chamber at 400K through the holes that are located directly on the combustor liner while the temperature of the air entering through the protruding tubes is set to 600 K, the methane fuel streams into the combustor at 293K. According to the stagnation pressure measurements, the cross sectional areas of air inlets of the combustor and the supplied air flow rate, the relative air flow ratio through the front, bottom (inner) and top (outer) side of the combustor liner are assumed as follows 1:1.1:6.4 (start-up regime) and 1:2:14 (full-load regime).
The modeling strategy chosen in the present development work can be summarized as follows. Firstly, the CFD model is validated by comparing results from the numerical simulations of the baseline engine combustor configuration under two different operating regimes (start-up and full-load) with direct experimental measurements of the fluid temperature in several key positions within the combustion chamber. Once the CFD model is validated, several modifications of the original combustor design are tested by varying the quantity of air flowing through the different rows of cooling holes and by changing the combustor geometry. This trial and error procedure is conducted until a candidate is chosen for optimal combustor operation.
Results and Discussion
CFD model validation
The black solid lines in and C1, for two chosen operating conditions (start-up and full-load, see Table 3 for the actual overall flow rates), on the background, the computed temperature and velocity vector fields are shown. Note that the 2-D sections of the combustor represented in the above mentioned figures are actually projections of the relevant planes on the XY-plane and therefore the combustor Y-dimension appears to be different in the different sections.
A comparison between the pointwise measured and the computed fluid temperature profiles at locations A1, A2, A3, B1, B2 and C is visualized in Fig. 7 . The numerical results match to some extent the experimental data at start-up conditions, at full-load large differences emerge between the computed and the measured temperatures. One possible explanation for the observed discrepancy can be found in the fact that at full-load conditions boundary layer effects become more important than at start-up conditions due to the increased fluid velocity throughout the combustor. The CFD model seems to be unable to correctly predict the temperature measured by the thermocouples that are placed very close to the combustor inner liner wall.
Combustor optimization
The CFD simulations of the original combustor configuration indicate that, both at start-up and full-load conditions (named O1 and O2 respectively in Table 4 ), the flame , fuel (white isolines) and velocity (red vectors) fields. At full-load conditions, the CFD predicts the flame reaching the exit plane of the combustion chamber and burning taking place throughout the combustor exit nozzle and turbine inlet, see the high temperature region near the exit plane in Fig. 8(b) , the same situation is observed in the laboratory experiments. This fact, in turn, results in poor temperature pattern factor at the combustor exit plane and poor combustion efficiency. Here combustion efficiency is defined as the ratio of the released heat of the supplied fuel until the combustor exit plane. Moreover, the velocity profile at the combustor exit plane exhibits the peak of the axial velocity vector closer to the inner (bottom) side of the combustor liner for both operating regimes; see the red vectors length in Fig. 6 . This fact is far from optimal when the shape of the combustor nozzle exit is taken into account, see Fig. 1 .
The optimization is tried in order to obtain a compact flame, anchored as far from the walls and as far upstream in the combustor as possible. The optimization approach adopted in the present work consists of a trial and error modification of the size and position of the combustion and cooling air inlet holes. In the first two initial tests (named T1 and T2), the original configuration described in Section 2 is modified by simulating numerically two opposite situations: these are achieved by letting the air flow into the combustion chamber either only through the outer liner (setting the air flow rate through the inner liner to zero) (c) Case O2 (d) Case O2 Fig. 7-2 Temperature or through the inner liner (setting the air flow rate through the outer liner to zero), the air flow rate through the front side of the combustor is kept equal to that in the original configuration. These first two tests clearly indicate that the former configuration, introducing all cooling air through the outer liner, performs very badly in respect to combustion efficiency: the flame is elongated, stretched toward the combustor exit plane where still a considerable amount of unburned fuel is present while the peak in the axial velocity is located near the inner liner, see Fig. 9(a) . The opposite situation, where there is no cooling air flow through the outer liner, produces a much better result in terms of flame compactness , combustion efficiency and axial velocity profile at the combustor exit plane, see Fig. 9(b) .
The results from cases T1 and T2 suggest that a considerable improvement of the original combustor configuration may be achieved by modifying the relative air flow ratio through the front, bottom (inner) and top (outer) side of the combustor liner, more specifically by increasing the amount of air flowing through the inner combustor liner relative to the air flows through the front and the outer liner. This leads to the next batch of numerical simulation, cases T3 and T4, in which the above mentioned ratio is changed from 1:1. Further modification of the combustion chamber is attempted to address the pressure loss problem: the metal tubes protruding into the combustion chamber in order to supply fresh air in the central area of the combustor vane are considered superfluous in the case of gaseous fuel and, additionally, they are responsible for some part of the combustor pressure loss. In the simulated case T4, the tubes are removed from the computational domain and a numerical simulation is performed using the same start, boundary conditions and air flow ratios as in case T3. Results from case T4 indicate that, as expected, the combustor pressure loss improves and is reduced by 0.5% but, at the same time, the combustion efficiency of the combustion chamber slightly worsen, going down from 0.9 to 0.88, see Table 4 for a summary of the results.
Conclusions
Numerical simulation and experimental measurements of the operation of a micro gas turbine combustion chamber are conducted. The burning area in the combustion chamber moves to downstream with increase of air flow rate. At full-load, fuel remains at combustion chamber exit. The CFD model is first validated against experimental measurements and subsequently utilized to individuate modifications of the combustor configuration that lead to improved efficiency. Comparison of the numerical results with the experimental measurements of fluid temperature in several key positions in the combustor shows that the CFD model well manages to reproduce the turbulent reactive flow in the combustion chamber under both start-up and full-load regimes. Furthermore, the subsequent optimization analysis, conducted in respect to combustion efficiency (amount of UHC), pattern factor of the temperature profile at the combustor exit plane and combustor pressure loss, shows that a considerable improvement in engine operation could be achieved by inverting the air flow ratio between the inner and outer liner of the combustor. Such a modification of the combustor configuration could be challenging to achieve, without major changes of the engine design, because of the present layout of the air stream from the compressor stage to the combustion chamber and because of the narrow dimensions of the annular combustor casing. 
